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Abstract. This paper reports the spatial and temporal development of sheet
current intensification in the near-Earth tail using our three-dimensional global
electromagnetic particle simulation with a southward turning interplanetary mag-
netic field (IMF) in a context of the substorm onset. As the solar wind with the
southward IMF advances through the Earth, the near-Earth tail thins and the sheet
current intensifies. The peak of the current density moves toward the Earth. Before
its peak becomes maximum the reconnection takes place. The earthward flows
are generated by the reconnection, which coincides with the earthward expansion
of the intensified sheet current. Because of the pileup of the earthward plasma
flows, the dawnward current is generated near the Earth. This dawnward current
dissipates rapidly with the sheet current because of the opposite current direction,
which coincides with the dipolarization in the near-Earth tail. This simulation
study shows the sequence of the substorm dynamics in the near-Earth tail, which is
similar to the features obtained by the multisatellite observations. The identification
of the timing and mechanism of triggering substorm onset requires further studies

in conjunction with observations.

1. Introduction

The solar wind interaction with the Earth’s mag-
netic field gives rise to a number of important and in-
triguing phenomena, many of which are not fully under-
stood because of their complex global nature. These in-
clude reconnection at the dayside magnetopause and in
the magnetotail, flux transfer events, convection in the
magnetosphere/ionosphere, and the generation of field-
aligned current systems. One of the most important
problems in the physics of the Earth’s magnetosphere
concerns the nature of the processes that occur in and
near the magnetopause, cusps, flanks, and magnetotail,
resulting in the transfer of solar wind mass and mo-
mentum into the interior of the cavity. These initiate a
large-scale magnetospheric convection, which is related
to substorms (e.g., Lui [1991], Fairfield [1992], and arti-
cles in the special section Magnetospheric Substorms:
Invited Reviews in Journal of Geophysical Research
(101(A6), 12,937-13,113, 1996) for recent reviews).

Observations suggest the formation of a thin cur-
rent sheet with width < 1 Rg in the near-Earth region
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before the onset of the expansion phase [Mitchell et al.,
1990; Sergeev et al., 1990; Lui et al., 1992]. MHD bal-
looning instability has been investigated as a trigger-
ing mechanism [Rouz et al., 1991; Ohtani and Tamao,
1993; Ma et al., 1995; Samson et al., 1996]. However,
Ohtani et al. [1998] found that both temporal and spa-
tial scales of tail current disruption signatures are prob-
ably outside of, although could be at the marginal edge
of, the ranges of the MHD approximation. Therefore,
even though the global dynamics of the near-Earth sub-
storm process may be simulated in the MHD framework

[Hesse and Birn, 1991; Birn and Hesse, 1996], the ki-

netic treatment is essential for describing the tail cur-
rent disruption.

Because of the importance of magnetic reconnec-
tion at the near-Earth magnetotail, theories and simu-
lations with various methods have been performed ex-
tensively. The tearing instability in the magnetotail
has been studied [e.g., Schindler, 1979; Galeev and Ze-
lenyi, 1976]. The collisionless tearing instabilities are
stabilized because of electron adiabaticity, which causes
free energy otherwise available for the instability to be
used up by plasma compression [Lembége and Pellat,
1982; Pellat et al., 1991; Pritchett, 1994; Pritchett and
Biichner, 1995]. Two-dimensional local particle sim-
ulations show the formation of a thin current sheet
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with a deep minimum in the equatorial B, field in the
near-Earth magnetotail with the inductive electric field
carried by a southward interplanetary magnetic field
(IMF) [Pritchett and Coroniti, 1995]. Recently, three-
dimensional (3-D) particle simulations indicate that the
collisionless tearing instability grows rapidly because of
the reduction of electron compressibility caused by the
persistent drift kink mode (not included in single-fluid
treatments) in the presence of a small B, component
[Pritchett and Coroniti, 1996; Pritchett et al., 1996,
1997]. Furthermore, Pritchett and Coroniti [1997] show
that highly east-west structured strong plasma flows
can develop within the convectively driven plasma sheet
because of the combined dynamical effects of reconnec-
tion and unstable interchange and kink modes for the
-case where magnetic flux is locked from leaving the re-
gion. Our global simulations [Nishikawa, 1997, 1998a,
b] show this highly east-west structured strong plasma
flow. Nishikawa [1998a, Plate 1] shows the evolution of
the dawn-dusk structure of the electron density due to
the drift kink instability in the dawn-dusk cross section
near the reconnection region. These global simulations
include effects from the dayside magnetopause, self-
consistent stretched magnetic field by the solar wind
with an IMF in the magnetotail, and particle entry
from low-latitude boundary layers (flank) (especially, in
the presence of the IMF B, component) [e.g., Rostoker,
1996]. They are important for the magnetotail dynam-
ics [e.g., Baker et al., 1996; Sergeev et al., 1996]. On
the basis of the previous work, at the present time the
drift kink mode instability seems to be a good candidate
for the cross-field streaming instability; however, fur-
ther investigation is necessary [Daughton, 1998, 1999;
Nishikawa, 1997, 1998a].

It is essential to investigate the evolution of the
thinned current sheet in order to understand instabili-
ties that cause reconnection and associated phenomena
such as earthward and tailward ion flows and dipolar-
ization. Hesse et al. [1996] found that the major frac-
tion of the enhanced current density in the thinned cur-
rent sheet is supported by the electrons using a hybrid
simulation. As will be described later, our 3-D electro-
magnetic (EM) particle simulations [Nishikawa, 1997,
1998a] show that the electrons are a major carrier in
the thinned current sheet before the reconnection takes
place (during the early growth phase). After the recon-
nection the ions become a major carrier near the Earth
(later in the growth phase) [e.g., Mitchell et al., 1990].

By investigating the dynamics of the thinned cur-
rent sheet and earthward high-speed ion flows near the
Earth one can gain a better understanding of the pro-
cesses that control the substorm onset. Understanding
the substorm onset is a challenging problem. Its solu-
tion is made difficult because of the variety of processes,
regions, and scale length involved. We try to show in
this paper that significant insight into these processes
can be addressed with a new global particle method
that includes full kinetic effects. This model makes ma-
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jor advances in that the electron motion and the ion
motion are separately incorporated and each species is
diagnosed according to the physics involved. Through
the separation of the electron and ion dynamics, a more
physical picture of the evolution of tail current, insta-
bility, magnetic reconnection, and substorm onset is at-
tained and can be tested against observations.

Previously, we reported the simulation results with
a southward IMF [Nishikawa, 1997, 1998a]. Here we
summarize the previous report to describe the general
guideline for this report. After a quasi-steady state is
established with an unmagnetized solar wind at time
step 768 we switch on a southward IMF, which causes
the magnetosphere to stretch and allows particles to
enter the cusps and nightside magnetosphere. Analysis
of magnetic fields near the Earth confirms a signature
of magnetic reconnection at the dayside magnetopause,
and the plasma sheet in the near-Earth magnetotail
clearly thins. Later, magnetic reconnection also takes
place in the near-Earth magnetotail. Arrival of south-
ward IMF near the front of the magnetosphere causes
a sunward velocity in the dayside magnetosphere, as
required to feed flux tubes into the dayside reconnec-
tion process. Sunward flow near the equatorial plane of
the magnetosphere implies a dawn-to-dusk electric field.
Initially, the velocity in the distant tail is not much af-
fected by the southward turning. Therefore the dawn-
dusk electric field increases in the sunward direction,
which causes B, to decrease with time in the near-Earth
magnetotail. The cross-field current also thins and in-
tensifies, which excites a kinetic (drift kink) instability
along the dawn-dusk direction [Nishikawa, 1997, 1998a;
Daughton, 1998, 1999]. Because of this instability the
electron compressibility effect appears to be reduced
and allows the collisionless tearing to grow rapidly with
the reduced B, component. Later, the nightside mag-
netic fields are dipolarized and a plasmoid is formed
tailward. We find that because of the reconnection,
particles are injected toward the Earth from the neu-
tral line (X line) (D. S. Cai and K.-I. Nishikawa, Topo-
logical magnetic structure related to reconnection in
the near-Earth magnetotail with southward IMF stud-
ied by three-dimensional electromagnetic particle code,
submitted to Geophysical Research Letteers, 1999). In
our simulations, kinetic effects self-consistently deter-
mine the dissipation rate in the magnetopause associ-
ated with reconnection.

Current disruption instabilities serve as the meso-
scale or microscale internal processes to facilitate the
transition from a tail-like to dipole-like field configu-
ration in the plasma sheet [e.g., Lui, 1991]. The new
conjecture suggests that the near-Earth magnetotail is
an important region for the substorm trigger [Mukai
et al., 1998; Ohtani et al., 1998, 1999, and references
therein]. On the basis of this idea we have investi-
gated the temporal and spatial evolution of the near-
Earth magnetotail in order to study the substorm onset
triggering with emphasis on the cause-and-effect rela-
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Plate 1. Current density J, in the noon-midnight meridian cross section at time step (a) 1216,
(b) 1280, (c) 1344, and (d) 1408. The arrows show the magnetic field.
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Plate 2. Comparison of (a), (c), and (e) electron and (b), (d), and (f) ion current in the noon-
midnight meridian cross section at time steps 1216 (Plate 2a and 2b), 1280 (Plate 2¢ and 2d),
and 1344 (Plate 2e and 2f). The arrows show its flux. For each time step the same scale is used.
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tionship among the formation of a near-Earth neutral
line (NENL), earthward plasma flows, and the trigger
of tail current disruption. New studies show that the
peak of current density moves toward the Earth. Be-
fore its peak becomes maximum the reconnection takes
place. The earthward flows are generated by the re-
connection, which leads to the earthward expansion of
the intensified sheet current. The pileup of the earth-
ward plasma flows generates the dawnward current near
the Earth. This dawnward current coalesces with the
sheet current because of the opposite current direction
in the near-Earth tail, which coincides with the dipo-
larization. This simulation study shows the sequence
of the substorm dynamics in the near-Earth tail. The
identification of the timing and mechanism of trigger-
ing substorm onset will be done in a subsequent study.
In section 2 we summarize the previous studies and de-
scribe new findings. The concluding remarks and future
studies are discussed in section 3.

2. Simulation Models and Results

The increase of available core memory and speed
on supercomputers such as the CRAY C90 and T90
now enables us to perform 3-D particle simulations with
reasonably realistic parameters. We use a 3-D electro-
magnetic particle code [Buneman, 1993]. This code uti-
lizes charge-conserving formulas [ Villasenor and Bune-
man, 1992] and radiating boundary conditions [Lind-
man, 1975].

For the simulation of solar wind-magnetosphere in-
teractions the following boundary conditions were used
for the particles [Buneman et al., 1992, 1995: Nishikawa
et al., 1995; Nishikawa, 1997, 1998a, b]: (1) Fresh par-
ticles representing the incoming solar wind (unmagne-
tized in our test run) are continuously injected across
the y — z plane at £ = Zmin, and a thermal particle
flux is also injected across the sides of our rectangular
computation domain; (2) escaping particles are arrested
in a buffer zone, redistributed there more uniformly by
making the zone conducting in order to simulate their
escape to infinity, and finally written off. We use a sim-
ple model for the ionosphere where both electrons and
ions are reflected by the Earth’s dipole magnetic field.
Effects of a conducting ionospheric boundary will be de-
veloped in future simulations. The effects of the Earth’s
rotation are not included.

For the fields, boundary conditions were imposed
just outside these zones [Buneman et al., 1992, 1995:
Nishikawa et al., 1995, Nishikawa, 1997, 1998a, b]: radi-
ation is prevented from being reflected back inward, fol-
lowing Lindman’s [1975] ideas. The lowest-order Lind-
man approximation was found to be adequate: radia-
tion at glancing angles was no problem. However, spe-
cial attention was given to conditions on the edges of
the computational box.

In order to bring naturally disparate timescales and
space scales closer together in this simulation of phe-
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nomena dominated by ion inertia and magnetic field
interaction the natural electron mass was raised to one
sixteenth of the ion mass, and the velocity of light was
lowered to twice the incoming solar wind velocity. This
means that charge separation and anomalous resistivity
phenomena are accounted for qualitatively but perhaps
not with quantitative certainty. Likewise, radiation-
related phenomena (e.g., whistler modes) are covered
qualitatively only.

Initially, ~ 2 million electron-ion pairs fill the entire
box (215 by 95 by 95; the effective number of cells, 1.7
million) uniformly and drift with a velocity vs) = 0.5¢
in the +z direction, representing the solar wind with-
out an IMF. The electron and ion thermal velocities
are Ve; = (Te/me)l/2 = 0.2c and v;; = (T,-/m,-)1/2 =
0.05¢ (= vs = (Te/m:)'/?), respectively, while the mag-
netic field is initially zero. A circular current gener-
ating the dipole magnetic field is increased smoothly
from 0 to a maximum value reached at time step 65 and
kept constant at that value for the rest of the simula-
tion, which maintains the steady dipole magnetic field.
The center of the current loop (the Earth) is located at
(70.54, 47.5A, 48A) with the current in the z—y plane
and the axis in the z direction. The initial expansion
of the magnetic field cavity is found to expel a large
fraction of the initial plasma. The injected solar wind
density is ~ 0.8 electron-ion pairs per cell, the mass
ratio is m;/m. = 16 and wpc At = 0.84.

The results of an unmagnetized solar wind plasma
streaming past a dipole magnetic field show the forma-
tion of a magnetopause and a magnetotail, the pene-
tration of energetic particles into cusps, and radiation
belt and dawn-dusk asymmetries [Buneman et al., 1992,
1995; Nishikawa et al., 1995]. After a quasi-steady state
is established with an unmagnetized solar wind, at time
step 768 [Buneman et al., 1995; Nishikawa et al., 1995]
a southward IMF (BIMF = _0.4) is switched on grad-
ually (for comparison, the average B, at the dayside
magnetopause (=~ 10Rg) is nearly 2.8), and the south-
ward IMF front reaches about z = 120A (~ —50RE) at
time step 1280. The Alfvén velocity with this IMF is
va/c = 0.1(R;)"1/2 = 0.1 for the average ion density
i, = 1 [Nishikawa, 1997, 1998a].

Plate 1 shows the evolution of the thinned current
sheet with a southward IMF [Nishikawa, 1997, 1998a].
At time step 1216 (the front of the solar wind with the
southward IMF reaches at z = 104A (= —34Rg)) the
magnetic field is thinned and the current density is in-
tensified near the Earth (z < 87A) as is shown in Plate
la (see also Plate 4b) because of the duskward electric
field (Ey &~ —vsol X Bivr). The intensified current den-
sity extends deeper in the tail as the southward IMF
moves toward the distant tail. At time step 1280 the
reconnection takes place at x = 85A(~ —15RE (see also
Plate 4c). Because of the reconnection and the plasmoid
(see Plate 4d) the high current density shifts toward the
Earth and the distant tail (Plate 1c). Then, the current
sheet is localized near the Earth as shown in Plate 1d.
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The comparison of electron and ion currents is
shown in Plate 2. The electron current (Plate 2a, 2c,
and 2e) and ion current (Plate 2b, 2d, and 2f) are plot-
ted with the normalized maximum and minimum cur-
rent density for each time step (Plate 2a and 2b: 1216;
Plate 2c and 2d: 1280; and Plate 2e and 2f: 1344) at
y = 0.0Rg. It should be noted that since the current
density is averaged over the current sheet in Figure 1,
both values in Plate 2 and Figure 1 are not necessar-
ily matched. It is clear that near the Earth the dom-
inant current carriers are ions. However, electron cur-
rents play a role near the reconnection region (around
(z,2) = (86A,48A) ~ (—16Rg,0Rg)). Since the gyro-
radius of electrons is smaller than that of ions, electrons
are magnetized in the reconnection regions [Hesse et al.,
1996]. On the other hand, ions are not magnetized in
the reconnection region. The arrows show its flux Tv;.
Particles are ejected toward the Earth from the recon-
nection region [e.g., Lopez et al., 1994; Sergeev et al.,
1995; Angelopoulos et al., 1996; Shiokawa et al., 1997].

In order to visualize the evolution of the current
sheet the averaged current density with the separated
electron (uneven dashed curves) and ion (dashed curves)
currents is plotted along the z direction at time step
1088, 1152, 1216, 1280, and 1344 as shown in Fig-
ure 1. The current is averaged over 2Rg > z >
—2Rg and 3.5Rg > y > —3.5Rg. The average cur-
rent density (duskward: plus) is multiplied by 100, and
15 is added at each time step (for example, 30 is 0.0
for time step 1216). The current profile at 1088 shows
the current sheet without the southward IMF (with the
unmagnetized solar wind, the solar wind with the south-
ward IMF has not arrived yet at the tail). At time step
1152 the southward IMF begins to enhance the current
density [Kaufmann, 1987; Pulkkinen et al., 1991]. The
current sheet is thinned as shown in Plate 1la at time
step 1216. The peaks are located.at 2z = 79A(~ —9Rg)
at both time steps. The dawnward current is generated
at time step 1216, and it increases at time step 1280.
It disappears at 1344 with the dipolarization. Among
these time steps the maximum current density is found

at 1216, which is ~ 3 times larger than that without the

southward IMF at time step 1088 (unmagnetized solar
wind). Before time step 1280 the reconnection occurs
at £ = 85A(= —15RE). The local minimum in the cur-
rent density (at 2 = —15Rg) is created by the ejection
of particles from the reconnection region. Because of
the ejection by the reconnection, particles are injected
into the magnetosphere, and the peaks of the current
density also move toward the Earth as seen at time
steps 1216, 1280, and 1344. Because of this earthward
movement of the peak current density, the local cur-
rent density decreases (at z = 80A(x~ —10Rg)), which
is related to the local current disruption [Ohtani et al.,
1999]. The earthward movement of the peak value in
the current density is consistent with the observations
of the earthward expansion of the current disruptions
[Ohtani, 1998; Ohtani et al., 1999].
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Figure 1. Evolution of the averaged current sheet

(2Rg > z > —2Rp,35Rg > y > —3.5Rg) is plot-
ted along the z direction with the electron (the uneven
dashed curve) and ion (dashed curve) currents at time
steps 1088, 1152, 1216, 1280, and 1344. Before the re-
connection the current becomes maximum with thin-
ning at £ = T9A(~ —9Rg). At 1216 the electron and
ion currents are very similar. The electron current be-
comes larger than the ion one at z = 78A(~ —8Rg).
However, at 1344 the ion current is twice as large as
than the electron one at = 77A(~ —7Rg).

The gradient of current sheet becomes very steep
at time step 1280. It is proposed that the wedge cur-
rent is generated by the dawnward inertia current [e.g.,
Haerendel, 1992; Shiokawa et al., 1997, 1998a]. (Since
a simple ionospheric model is used in our present model
(particles are reflected by the mirror force), the inves-
tigation of the wedge current is out of the scope of our
simulation study.) However, the inertia current is not
the driving force of the full substorm current circuit dur-
ing the expansion and recovery phases [Shiokawa et al.,
1998b] since the high-speed flows last only for several
minutes [Baumjohann et al., 1990; Angelopoulos et al.,
1992, 1994]. On the basis of Figure 1, since the current
density takes the maximum value before the reconnec-
tion, the kinetic instability (cross-field current instabil-
ity) takes place prior to the reconnection. Daughton
[1998, 1999] has investigated the stability of the drift
kinetic instability with a Harris-type equilibrium using
a kinetic description for both ions and electrons. It is
difficult to identify the instability that is responsible
for exciting reconnection [Lapenta and Brackbill, 1997;
Daughton, 1998, 1999; Nishikawa, 1997, 1998a]. It re-
quires further investigation with better resolutions and



NISHIKAWA AND OHTANI: EVOLUTION OF THIN CURRENT SHEET 13,023

ELE BN PLIND el .8 ELE BN PLLN) ebESd. 8 §
{ﬂ} L I:l].-}} 2.5a3
E. M 7.1
&0 ¥, 000 8188
i e 1.
9 E [ 1] 1-BLE
. 1. 538 1.833
L. 483 1,483
,‘Em & L 187
- N -] 1. 5685
a5 N -] L]
T b ]
&) 844 B
] Ay
% ELY] LH]
65 T T3 BD O ES 90 B ’ 65 T T3 BD BY 90 95 :
X4 Xra
BE PN (FLER) Twidaa 0 i SR DEW (FLEX) T &
(c) (d)
4 .8 it
L 188
[ ]
498 [ 18]
! |-
; I ddd
,’?‘HI 1.8
o -
45 N -]
TRE
40 Bdd
]
L] 181
62 T 75 B BS 8 9 : 68 W TS B0 BS993
X/4 X/

Plate 3. Injection of electrons (ions) into the near Earth caused by the reconnection as shown in

the equatorial plane at time (a) 1216, (b) 1280, (c) 1344, and (d) 1408. The arrows show electron
flux.
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Plate 4. Magnetic field strength in the 2 — 2z plane in the near-Earth magnetotail at time steps
(a) 1152, (b) 1216, (c) 1280, and (d) 1344. The arrows show the magnetic field.
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larger mass ratios to identify the instability with the
thinned current sheet.

In order to examine the dawnward current the evo-
lution of electron density in the equatorial plane is plot-
ted at time steps (a) 1216, (b) 1280, (c) 1344, and (d)
1408 near the Earth in Plate 3 (the maximum density
is normalized for Plate 3a - 3d). The ion density is very
similar to the electron density. As shown in Figure 1
at time step 1280, the dawnward current becomes max-
imum around z = 75A(~ —5Rg), which is consistent
with the maximum density gradient around z = 75A
(near the subsolar line (y = 47A)) in Plate 3b. There-
fore the dawnward current is generated by the pressure
(density) gradient [e.g., Park, 1991; Birn et al., 1999].
At a later time (Plate 3c) the density gradient becomes
smaller, which is consistent with the banished dawn-
ward current (at time 1344) in Figure 1.

The dipolarization is one of the processes that is
closely related to the wedge current [e.g., Kan, 1998;
Ohtani et al, 1999]. Total magnetic field strength
(log(|B(z,y,2)|) ‘at y = 4TA) in the noon-midnight
cross-section (z — z) plane in the near-Earth magne-
totail is plotted at time steps (a) 1152, (b) 1216, (c)
1280, and (d) 1344 in Plate 4. In Plate 4a - 4d the
maximum and minimum values are set in order to high-
light the changes due to reconnection and the dipolar-
ization of the magnetotail. The arrows show the mag-
netic field (renormalized to show the weaker magnetic
field). At time step 1152 (Plate 4a) the arrows show
an ordinary stretched dipole magnetic field. The fur-
ther stretching of the magnetic field is found in the
weakening normal component (B;) (still positive) in
the central sheet (Plate 4b). At time step 1280 the
x point is created, which shows the occurrence of re-
connection around z = 85A(~ —15RE) as shown in
Plate 4c. Because of the reconnection, the normal z
components become negative (83A < z < 90A) in the
central sheet. At the same time the local dipolariza-
tion is found around z = 80A (it is more easily recog-
nized with a vertical line at z = 80A). The boundary
line at value —0.4 moves toward the tail at time step
1280. This comes from the magnetic transfer by the
reconnection. Further dipolarization takes place in the
near-Earth magnetotail as shown in Plate 4d. The ev-
idence of dipolarization is subtle, therefore careful at-
tention needs to be paid to recognize it. The dipo-
larization is recognized in two ways. First, the weak
magnetic field region with dark blue created by the
reconnection around z = 82A,z = 48A in Plate 4c
moves tailward in Plate 4d (z = 84A,z = 48A). Sec-
ond, the negative B, components on the subsolar line
(z = 48A) (83A > z > 85A) (Plate 4c) become posi-
tive in Plate 4d (this is viewed easily using magnifica-
tion by ghostview). Furthermore, the detailed analysis
shows that the boundary at the value of 0.200 (yellow-
yellowish green), which is bowed toward the Earth at
the subsolar line (Plate 4c) becomes more straight (less
bowed) because of the dipolarization in Plate 4d (it is

13,025

more easily recognized with a vertical line at z = 79A).
As shown in Figure 1, the dipolarization coincides with
the current decrease at time step 1344.

3. Discussion

The evolution of thinned cross-field current with a
southward IMF is studied in order to address the cause-
and-effect relationship between the reconnection and
the current disruption. The southward IMF drives the
complicated processes in the near-Earth magnetotail as
shown in the previous section. Our 3-D global EM par-
ticle simulation results show that the cross-field current
is enhanced at the substorm growth phase with a south-
ward IMF. It is important to determine the current car-
rier in the thinned current sheet including effects from
the magnetopause and (lower-latitude) boundary lay-
ers using a global system (not local simulations). The
evolution of the averaged current density is studied as a
function of z. The current profile at 1088 shows the cur-
rent sheet without the effects of southward IMF (with
the unmagnetized solar wind). At 1152 the duskward
electric field accompanied by the southward IMF begins
to enhance the current sheet in the near-Earth magne-
totail (78A < z < 84A) (—8Rg > z > —14Rg). The
current sheet is thinned at time step 1216. The peaks
of the current density are located at x = T9A(~ —9Rg)
at both time steps. The intensified current density ex-
cites a kinetic instability that is not yet fully understood
[Daughton, 1998, 1999; Nishikawa, 1997, 1998a, refer-
ences therein]. Because of the instability excited by the
thinned current sheet, the stabilization effects of normal
component B, [e.g., Pellat et al., 1991] are eliminated,
and the reconnection takes place [e.g., Nishikawa, 1997,
1998a]. The dawnward current is generated by the pres-
sure gradient drift at 1216, and it increases at time step
1280. It disappears at time step 1344 with the dipolar-
ization. Among these time steps the maximum current
density at z = T9A(~ —9Rg) is found at 1216, which
is ~ 3 times larger than that without the southward
IMF before the reconnection takes place. Around time
step 1280 the reconnection occurs, which is identified
in the gap of current density at + = 85A(~ —15Rg).
This local minimum of the current density is created by
the ejection of particles from the reconnection region
(z = 85A). Because of the ejection of particles by the
reconnection, particles are injected into the inner mag-
netosphere and the peaks of current density also move
toward the Earth as seen at time steps 1216, 1280, and
1344. This may be related to the observations of the
earthward expansion of the current disruptions | Ohtani,
1998; Ohtani et al., 1999]. The gradient of current den-
sity near the Earth (—~5Rg > z > —8Rg) becomes very
steep at time step 1280. Because of the opposite cur-
rent direction between the dawnward current and the
cross-field current they decrease rapidly with the dipo-
larization.

Because of the reconnection, the particles are ejected
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from the reconnection region, and the structure of the
current sheet is changed. The current carriers are
checked, and ions become dominant near the Earth. At
the time when reconnection occurs, electrons become
major carriers near the reconnection region. After the
reconnection, ions become the dominant carrier. The
dawnward current is observed, which may be responsive
to the wedge current. In the near-Earth plasma sheet,
(high-speed) ion flow is observed, which is generated by
the reconnection. At the same time the dipolarization is
observed as shown in Plate 4. On the basis of these sim-
ulation results we believe that the current disruption is
at least one of the triggering mechanisms of substorms.
However, as shown in this paper, the processes are so
complicated and so many phenomena are involved that
we need further investigation in order to understand
the evolution of thinned cross-field current before the
onset of substorms. In order to investigate wedge cur-
rent we need to implement better ionosphere than the
present simple cusp ionosphere (particles are reflected
by the mirror force with some drifts due to an induced
electric field). Inclusion of injected ionosphere particles
will also be necessary to account for the ionosphere. We
will report it in the future.

In order to examine the current system in the cen-
ter of the near-Earth and midtail the current stream
lines are traced from the subsolar line (y = z = 0.0REg)
toward the dawn (positive) and dusk (negative) at time
step 1280. The stream lines start from at z = —4.0, —4.5,
---,—19.0, and 19.5Rg, (30 points). The current stream
lines are traced in the 3-D current vectors. Figure 2
shows current stream lines in the three different pro-
jections (a) z — z (noon-midnight), (b) y — z (dusk-
dawn), and (¢) z—y (equatorial) planes. (The iterations
are stopped after 500 steps and/or the vales of current
density are too small to be traced.) Figure 2c shows
that in general, the current flows from the dawnside
(y ® —13Rg) to the duskside (y ~ 15REg) in the equa-
torial plane (z < —9Rg). It should be noted that the
sheet current is curved toward the Earth in the post-
midnight sector (0 > y > =12Rg, 0 > z > —12Rg).
In the premidnight sector (r < —8Rg) the sheet cur-
rents (duskward) are connected to the dawnward cur-
rent. This shows that the current system near the Earth
is altered from the simple tail current because of the
generation of the dawnward current and probably field-
aligned (wedge) currents [Birn et al., 1999]. Figure 2b
shows that at both the dawnside (y ~ —13Rg) and
duskside (y =~ 15Rg) most of the sheet currents are
connected to the magnetopause currents (few current
stream lines are lost in the magnetosheath).

Recently, Ohtani et al. [1999] have examined the
timing of various onset-associated signatures and the
cause-and-effect relationship between the formation of
a NENL and the trigger of tail current disruption with
multisatellite observations. In the December 31, 1995,
event (the IMF B, was ~ —5 nT for the most of the
interval except for a few short periods) a NENL was
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Figure 2. Current lines through the subsolar line are
plotted in (a) the z — z plane, (b) y — 2 plane, and (c)
z — y plane at time step 1280. The current flows from

the dawnside to the duskside.

formed after the initial tail current intensification [see
Ohtani et al., 1999, Figure 15]. Further, tail current in-
tensification takes place after the reconnection. At the
near-Earth tail the tail current disrupts (in our simu-
lation the current decreases (at time step 1344)). This
fundamental sequence is similar to our simulation re-
sults described in section 2.

The results reported here suggest that full 3-D elec-
tromagnetic particle simulations will become an impor-
tant tool for the theoretical understanding of Earth’s



NISHIKAWA AND OHTANI: EVOLUTION OF THIN CURRENT SHEET

magnetosphere in the not-so-distant future. It is clearly
necessary to use more realistic values of m;/m. with a
larger system and more particles in a cell, which relies
on the development of future more powerful and faster
supercomputers. This would help to establish more pre-
cisely the nature of the magnetic reconnection and as-
sociated phenomena and to clarify their relation to the
observations. For the present, however, scaling and grid
size remain substantial problems. For example, in our
simulation the Debye length and the thickness of the
bow shock are both of the order of an Earth radius,
which is of the order of a grid spacing. However, some
form of scaling is usually needed in particle simulations,
even in one and two dimensions, and still, such simula-
tions are able to reveal much of the physics behind nat-
ural phenomena. Further, simulations including time-
dependent IMFs (including B, and B,) and transient
shocks are in progress and will be reported elsewhere.

Although our simulation studies have shown the
sequence of the tail dynamics, which is similar to the
observations [Ohtani et al., 1999], further investigations
need to be studied in order to understand better the
triggering mechanism of substorms. We will report fur-
ther progress in a separate paper.
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